Abstract: Ecological indicators for long-term monitoring programs are needed to detect and assess changing environmental conditions. We developed and tested community-level environmental indicators for monitoring forest bird populations and associated habitat. We surveyed 197 sampling plots in loblolly-shortleaf pine forests, spanning an area from Georgia to Virginia (U.S.A.) and representing a gradient in levels of
Introduction
Determination of the extent to which ecological systems are experiencing anthropogenic disturbance and change in structure and function is critical for the long-term conservation of biotic diversity in the face of changing landscapes and land use. The ability to assess status and trends in the condition of ecological systems over broad geographic regions can allow identification of existing or developing problems prior to a crisis. Yet the complex and diverse nature of ecological systems necessitates the use and appropriate validation of some restricted set of indicators of biological condition to allow efficient monitoring of a broad range of systems. Species have been proposed as environmental indicators under an assumption that the responses of individual species are representative of the responses of other species within a habitat or community (e.g., the National Forest Management Act; U.S. Code of Federal Regulations 1985 (36 CFR Chapter II 219.19:64) ). This indicator species concept has been criticized, however, because individual species do not necessarily reflect trends in other cooccurring species (Morrison 1986; Landres et al. 1988 ). Indeed, co-occurring species typically differ in habitat requirements and life histories (Martin & Li 1992; Martin 1993 Martin , 1995 and can respond independently to environmental variation (e.g., James et al. 1984) , so individual species are questionable indicators of community responses.
On the other hand, individual species may function as indicators of a restricted component of the community, such as the abundance of other members of the same guild (Severinghaus 1981) , defined as collections of species that exploit the same class of environmental resources in a similar way (Root 1967 ). Yet this approach still assumes that all species within a guild respond similarly to environmental changes. Depending on guild definition, the occurrence of individual species within a guild may give little information about overall guild abundance or diversity, because of the different environmental requirements of individual species. Thus, species that make up the ground-nesting guild, for example, can differ markedly between or even within habitat types, whereas overall guild abundance and diversity may not differ because of species substitutions.
To a lesser extent these difficulties also exist when the overall abundance of a guild, rather than individual species, is used as the indicator (Verner 1984) . Large increases in one or two species can mask the decline or loss of others in the same guild . Consistency of population responses among species in a guild is thus important for the guild's utility as an indicator. Guilds can be useful for evaluating the collective responses of multiple species to changes in resources or ecological conditions that define the guild (Block et al. 1995) . Thus, the definition of a guild ultimately is critical to its effectiveness as an indicator of the environmental issue of concern.
For these purposes species can be categorized into functional groups based on criteria that traditionally define guilds (e.g., foraging strategies or nesting substrates; Root 1967; Willson 1974; Karr 1980; Martin 1981; Szaro 1986) . Other criteria such as habitat preference can also be useful for defining functional groups (Finch 1991) , although functional groups based on habitat (hereafter, habitat assemblages) are not guilds as defined by Root (1967) because they do not reflect partitioning of a specific ecological resource. (We define habitat in the narrow sense of vegetation structure rather than as the full array of physical, chemical, and biological factors in the environment.) We compared functional groups based on foraging, nesting, and habitat preferences as indica-tors for monitoring disturbance to forest bird communities. We assessed the consistency of population responses among members of a functional group and the association between group species richness and forest disturbance. We examined habitat assemblages because anthropogenic disturbance of forests often results in the loss of species requiring undisturbed or late-successional conditions and invasion by species typical of earlier successional stages (e.g., . Discovering and monitoring such replacement patterns are particularly important because species that depend on large blocks of mature forest (i.e., forest interior species) may be especially susceptible to population problems from fragmentation and loss of forests (Robbins et al. 1989) .
Habitat assemblages can be defined according to successional habitat preferences, thus reflecting this disturbance gradient (e.g., Croonquist & Brooks 1991) . Szaro (1986) also found that "response guilds" reflecting avian habitat use had notably higher correlations with the abundance of their component species than did guilds defined by foraging substrate. Habitat assemblages have the advantage of allowing direct evaluation of community responses to the modification of vegetation structure by land-management practices. But individual habitat assemblages still can indicate only the particular resource condition defining them, so multiple habitat assemblages should be considered for evaluating entire communities.
The approach of combining several metrics to measure ecological condition was originally used to develop an index of biotic integrity for aquatic systems (Karr 1981; Karr et al. 1987) . This method measures biotic integrity using various metrics-trophic levels, species richness, disease prevalence, abundance of pollution-tolerant taxa-of an assemblage of fishes, benthic invertebrates, or other taxa. The index of biotic integrity assesses how closely the species composition of a local fish community matches that of reference watersheds with minimal human influence, thus indicating community changes brought about by anthropogenic disturbance. The combination of several metrics improves the robustness of the index by reducing the effects of variation in individual parameters. The index of biotic integrity may thus be more appropriate than indices reflecting species diversity alone for assessment of ecological status for management purposes (Angermeier & Karr 1994) .
The index of biotic integrity has been applied primarily to aquatic systems, but the concept is also applicable to terrestrial systems such as bird communities (Bradford et al. 1998) . The types of metrics used in aquatic systems may be inappropriate in terrestrial systems, however, in which trophic patterns may not differ greatly across disturbance types and the health of individual animals is difficult to assess. Habitat assemblages are likely to integrate multiple effects of disturbance on a bird community, including changes in foraging and nesting substrates and scale-dependent fragmentation effects. Therefore, we developed and tested an index that characterized forest bird communities on a gradient from disturbed to mature forest over a broad geographic region. Because birds are the focus of existing large monitoring programs such as the Breeding Bird Survey (Price et al. 1995) , avian indices calculated at appropriate scales could ultimately be used in conjunction with the extensive data sets collected by these programs. We surveyed birds directly and measured bird habitat as a complementary approach because each provides important independent information that could be combined in an ongoing monitoring program to differentiate between population changes attributable to local habitat alteration and changes due to other factors.
Methods

Study Area
We conducted our study in conjunction with the Forest Health Monitoring (FHM) component of the Environmental Monitoring and Assessment Program (EMAP), administered jointly by the U.S. Forest Service and Environmental Protection Agency. The EMAP has planned a nation-wide network of long-term environmental monitoring plots selected from a regular, triangular grid of 40-km 2 hexagons with a spacing of 27.1 km between hexagon centers. One sampling site is located within each EMAP hexagon. In Virginia and Georgia, sites are located on the U.S. Forest Service's Forest Inventory and Analysis systematic photo grid, at the photo point nearest to the hexagon center. Sites in North Carolina and South Carolina are located on a random, systematic 1-km grid at the grid point nearest to the hexagon center. If a site is forested (including clearcuts and forest edges) and contains a stand over 0.40 ha in size and over 36.6 m wide, it is selected for monitoring as a long-term FHM plot. The FHM plots thus constitute a random sample of the forest habitat within a region. To monitor long-term trends in indicator values over large biogeographic sampling regions, FHM plans to revisit these plots every 4 years, surveying a systematic subsample of one-quarter of the grid points each year. Palmer et al. (1991) , Alexander and Barnard (1992) , and Lewis and Conkling (1994) provide details of the sampling scheme.
Our work was conducted as part of an FHM pilot study in the southeastern loblolly-shortleaf pine ecotype during 1992 and 1993 (Lewis & Conkling 1994) . Survey plots were distributed across the coastal plain and Piedmont of Georgia, South Carolina, North Carolina, and Virginia. The plots we used were divided into two types, "on-frame" and "off-frame" plots. On-frame plots were long-term FHM plots located on the EMAP grid (thus separated by Ͼ 20 km). Over 2 years of the 4-year rotation, we surveyed the 90 on-frame plots (47 in 1992, 43 in 1993) that included stands dominated by loblolly pine ( Pinus taeda ) or shortleaf pine ( P. echinata ). Except for South Carolina, which we did not sample during 1992 because plot coordinates were unavailable, the plots constituted a random, representative sample of loblolly-shortleaf pine forests within the region sampled. On-frame plots were used to quantify regional patterns and provide independent data to evaluate the accuracy of habitat models developed from the off-frame plots. The off-frame plots were selected to evenly represent a complete disturbance gradient, from mature forest to recently clearcut sites, for development of models. Site-level disturbances included clearcutting, selective cutting, burning, broadleaf understory removal, strip mining, and urban development. The most highly disturbed areas were typically recent clearcuts with high shrub density and few canopy trees. The off-frame plots were distributed through the same geographic area and forest types described above. Off-frame plots were separated from on-frame plots by a minimum of 200 m and usually by 1 km or more. Off-frame sites were always at least 2 km away from the nearest other off-frame site. Off-frame site locations were otherwise selected arbitrarily. We surveyed 107 off-frame plots, 66 in 1992 and 41 in 1993.
Bird and Vegetation Surveys
We surveyed our plots from mid-May to early July of 1992 and 1993. One 20-minute point count was conducted at the center of each plot, and all bird species seen or heard were recorded. Surveys were completed before 1100 hours, under calm weather conditions. Only birds detected within a 50-m fixed radius plot were used in the analysis, so survey data can be effectively compared to local habitat measurements (Petit et al. 1995 a ) . Observers (three in 1992 Observers (three in , two in 1993 were trained and tested in simultaneous surveys prior to each season to minimize bias and confirm consistency. Each observer surveyed plots across the full disturbance gradient.
Repeated visits to a plot were not logistically feasible because of the need to maximize the number of plots and adequately sample a wide geographic area. By our fixed-radius method, a 20-minute count period allows detection of a number of species equivalent to two 6-minute counts on separate days (Petit et al. 1995 a ) . Our long count period thus allowed us to detect more species per plot, representing the local bird community more completely than a shorter survey, without the logistical difficulties of repeated visits. Ultimately, we were most interested in determining the species composition at sampling plots because our index depended on examining species for presence or absence rather than for density; thus, the possibility of double-counting individuals during the count period does not affect our analysis.
We collected local vegetation data within four circular subplots (5-m radius) on each bird-sampling plot. The first vegetation subplot was located at the plot center, and the other three were located 33 m away at compass bearings of 0, 120, and 240 degrees. Within each subplot the number of deciduous and coniferous stems was recorded in seven categories of diameter at 1.4 m height (A, 0-1.0 cm; B, 1.1-2.5 cm; C, 2.6-8.0 cm; D, 8.1-15.0 cm; E, 15.1-23.0 cm; F, 23.1-30.0 cm; and G, Ͼ 30.0 cm). Basal areas of all coniferous and deciduous stems of size class C and larger were combined to give a measure of total tree basal area (m 2 /ha). The mean height of canopy trees within each subplot was estimated separately for deciduous and coniferous trees by use of a rangefinder. At two predetermined locations within each subplot, we measured a vertical vegetation profile by scoring whether a graduated 10-m vertical pole (approximately 2.5 cm diameter) touched coniferous or deciduous vegetation within each of the 10 1-m increments. We measured percent canopy cover using densiometers at a height of 1.2 m, taking readings in the four cardinal directions from the center of each subplot. Each vegetation parameter was averaged across the four subplots to characterize the habitat within the 50-m radius survey plot.
During the 1992 season, each survey plot was subjectively rated for disturbance level on the following scale: 1, undisturbed mature forest Ͼ 40 years old with closed canopy (usually Ͼ 80%) and plot center Ͼ 200 m from major forest edge; 2, mature (or occasionally 20-to 30-year-old) forest with closed canopy and signs of human intervention (foot trails, major edge 100-200 m away, etc.); 3, forest usually 10-20 years old with mostly closed canopy ( Ͼ 50%) but clear recent disturbance (selective logging, partial understory removal, edge within 50 m); 4, clearcuts 4-10 years old or occasionally mature stands with partial (approximately 50% canopy) and recent disturbance (logging, major understory removal, camping area, edge within 50 m); and 5, clearcuts Ͻ 3 years old with little or no canopy or extensively developed sites. Observers practiced estimating disturbance level on over 20 training plots and encountered little or no disagreement in estimates.
Data Analysis
We classified bird species of the southeastern United States into four habitat assemblages (Appendix) grouped as disturbance-sensitive species (mature forest assemblage), disturbance-tolerant species (shrubland and forestedge assemblages), and neutral species (habitat generalist assemblage). Habitat assemblage classifications were based on habitat association data from the literature (e.g., Sprunt & Chamberlain 1947; Johnston & Odum 1956; Burleigh 1958; Meyers & Johnson 1978; Hamel et al. 1982; Robbins et al. 1989) . To avoid circularity of inference, we did not use our survey data for this classification.
Members of the mature-forest assemblage are sensitive to forest disturbance and are rarely found in early-successional or fragmented forests, indicating a sensitivity to forest patch size (Robbins et al. 1989) . In this assemblage we included species typical of mature subclimax pine forests as well as birds typical of climax deciduous forest. This assemblage is thus characteristic of mature continuous forests without discriminating between pine and hardwood dominance. Disturbance-tolerant species were divided into two distinct habitat assemblages: shrubland birds, characteristic of brushy habitat and early-successional clearcuts, and birds of forest-edge habitats, characteristic of suburbs, agricultural land, and fragmented forests. Species that could not be unambiguously classified in one of the habitat assemblages were assigned to a neutral "habitat generalist" assemblage. Most of these species use intermediate habitats or are broad generalists that occur in a variety of habitats. We found appropriate group assignments to be ambiguous for 10 species, so we also assigned all of these species to alternative habitat assemblages (Appendix) to examine the sensitivity of our analyses to these assumptions. In addition, based primarily on information from Ehrlich et al. (1988) , each species was classified by diet, foraging guild, and nesting guild. Scientific names of species and assignments to functional groups are summarized in the Appendix.
Our analysis of these data was based on the presence or absence of species rather than on the number of individuals detected. (Use of abundance-based indices in preliminary analyses did not improve the predictive power of models because most plots had only one or two individuals per species, and higher abundance was not linked to habitat characteristics.) We counted the number of mature-forest (MF), shrubland (SL), and forest-edge ( FE ) species observed on each plot. We developed a bird-community index to express variation in forest bird communities associated with habitat disturbance, calculated according to the a priori formula ln(MF ϩ 1) Ϫ ln(SL ϩ FE ϩ 1). This formula contrasted disturbance-sensitive (mature forest) species against disturbance-tolerant (shrubland and forest-edge) species and did not include generalist species. Positive values for the bird-community index thus indicated bird communities dominated by disturbance-sensitive, mature-forest species, whereas negative values indicated communities dominated by disturbance-tolerant species typical of landscapes altered by human use. Our use of a log-ratio between the assemblages rather than unmodified counts of one assemblage was intended to reduce potential bias from weather and observer skill (both disturbance-sensitive and disturbance-tolerant species are expected to be most detectable with optimum weather and skilled observers), and to reduce the skewness of the distribution.
To test the assumption that individual species within a functional group generally reflect the responses of other members of the same group, we examined each foraging and nesting guild and habitat assemblage, calculating correlation coefficients between the presence or absence of each individual species and the number of other species present from the same functional group (on-frame and off-frame data pooled; n ϭ 197 plots). Single-species groups were excluded because correlations between species and group were undefined. Independent assortment of species within a group would yield a distribution of correlations centered approximately on zero. Conversely, predominantly positive correlations within a group would indicate that it was internally cohesive with similar population responses among its constituent species. Use of a simple t test of whether the mean of such a correlation distribution is significantly greater than zero is inappropriate because correlation coefficients for different species within a functional group are not independent; in the extreme case, for two-species groups the correlations for both species are necessarily equal. Therefore, for each functional group we used a Monte Carlo simulation program (10,000 replicates) to empirically determine the distribution of mean correlations for a null model (assuming that all species in the group were distributed randomly and independently over 197 plots, with each species occupying the same number of plots as actually observed in our study). We then compared the observed mean correlation for the functional group to the simulated distribution of mean correlations to calculate a one-tailed p value indicating the probability of obtaining a mean correlation value as large or larger than the observed value given the null hypothesis of independently occurring species.
To assess whether vegetation parameters could be used appropriately as a measure of forest disturbance, we calculated intercorrelations among subjective disturbance level, canopy cover, and tree basal area, pooling all on-frame and off-frame data. Pearson correlations were used to compare canopy cover to basal area ( n ϭ 197); Spearman rank correlations ( r s ) were used for disturbance-level comparisons ( n ϭ 113).
To examine responses of individual species to disturbance, we used logistic regression to predict the probability of occurrence for each species relative to canopy cover as a measure of disturbance. All on-frame and off-frame data were used ( n ϭ 197), and canopy cover was removed from the equation if it was not significant at p Ͻ 0.05.
To test whether species richness of a guild or assemblage was correlated with forest disturbance, we grouped bird species observed on each plot into diet types, foraging guilds, nesting guilds, and habitat assemblages. We calculated correlations between the species richness of each functional group (number of species per plot) and two indices of disturbance effects on local vegetation (canopy cover and tree basal area). Correlations with these disturbance measures were also calculated for the bird-community index and total species richness.
In future surveys we hope to separate variation in birdcommunity composition associated with local habitat dis-turbance from variation associated with other factors (changes on wintering grounds, nonlocal effects of forest fragmentation, etc.) to help identify causes of trends or spatial variation in bird-community composition. Therefore we used data from bird surveys and vegetation measurements on the off-frame plots to develop a habitat index as a predictor of the bird-community index. We initially reduced the large pool of vegetation variables by summing groups of comparable variables that were strongly intercorrelated ( r Ͼ 0.50), yielding 14 variables (Table 1) . These variables were entered into a principal components analysis to identify orthogonal principal components. Using off-frame data, the principal components were entered into multiple regression analysis as predictors of the bird-community index. Positive values for formula output (the habitat index) indicate relatively undisturbed mature forest, whereas negative values indicate young or highly disturbed stands. As a comparison to assess the predictive power of this multivariate method, we also used simple regression to predict the bird-community index from canopy cover and from tree basal area.
We evaluated the predictive accuracy of the habitat index with independent data by comparing bird-community index and habitat index values in the on-frame plots. We evaluated how closely the indices reflected forest disturbance by calculating their correlation with subjective disturbance level (using Spearman rank correlation), canopy cover, and tree basal area in the on-frame plots.
On-frame plots were also used to determine the distribution of both index values across the sampling region. We used cumulative distribution function (CDF) plots to show the cumulative proportion of the sample population (y-axis), with index values less than or equal to the values shown on the x-axis. We calculated the CDF plots and confidence intervals using a maximum likelihood-estimation computer program (CDFGEN7) developed by Rob Binns and David Cassell of the Forest Health Monitoring program. On-frame data from 1992 (47 plots) and 1993 (43 plots) were pooled for this analysis. Because on-frame plots in South Carolina were not surveyed during 1992, the six South Carolina plots that were surveyed during 1993 were weighted double for CDF analysis to compensate appropriately for the lower sampling intensity in that state (D. Cassell, personal communication).
Results
Consistency of Variation within Functional Groups
The mean correlation between individual species and the number of other species of the same functional group was not significantly greater than zero ( p Ͼ 0.05 in all cases) for any of the foraging guilds (Fig. 1a) . Responses were more consistent for nesting guilds (Fig. 1b) . Mean correlations were significantly greater than 0 for shrub nesters (mean r ϭ 0.08; p Ͻ 0.001), canopy nesters (mean r ϭ 0.08; p Ͻ 0.001), and cavity nesters (mean r ϭ 0.12; p Ͻ 0.001), although they were not significantly positive for ground nesters. The strongest positive correlations, however, were exhibited within the habitat assemblages (Fig.  1c) ; all four of the habitat assemblages had strongly positive within-group correlations ( p Ͻ 0.001), indicating that they tended to be internally cohesive as groups of species with similar population responses to the range of environmental variation that we sampled. In fact, the forest-edge assemblage (mean r ϭ 0.19) and mature-forest assemblage (mean r ϭ 0.13) each included only one species that was negatively correlated with the species richness of other assemblage members (House Finch and Hairy Woodpecker, respectively). The shrubland assemblage (mean r ϭ 0.33) had no negatively correlated species. Even the species in the habitat generalist assemblage had predominantly positive correlations with species richness of other assemblage members (mean r ϭ 0.09). Individual correlations between species and groups were significant at p Ͻ 0.0008 ( ␣ ϭ 0.05, Bonferroni-adjusted for multiple comparisons), Table 1 . Interpretation of major axes from principal components analysis of 14 vegetation variables* for off-frame plots ( n ϭ 107).
Axis
Cumulative percent variance explained
Interpretation of positive axis values PC1 26.9 mature deciduous: many deciduous trees (size D-E and F-G), few small conifers (sizes A-C), high deciduous canopy cover, high deciduous foliage density 4-10 m in height, and low coniferous foliage density 0-4 m in height PC2 45.4 mature coniferous with deciduous understory: many conifers (sizes A-C and D-E) and small deciduous stems (sizes A-C), high coniferous canopy cover, high coniferous foliage density 4-10 m in height and high deciduous foliage density 1-4 m in height PC3 61.6 sapling regeneration: many small deciduous stems and conifers (sizes A-C), high coniferous and deciduous foliage density 0-1 m in height, low coniferous canopy cover, low abundance of conifers (sizes D-E and F-G) PC4 70.0 deciduous undergrowth: high deciduous foliage density 0-1 m in height, many small deciduous stems (sizes A-C)
* Deciduous and coniferous stem densities in size classes A-C (0-8 cm), D-E (8-23 cm), and F-G ( Ͼ 23 cm); deciduous and coniferous canopy cover; and deciduous and coniferous vertical foliage profile from 0-1, 1-4, and 4-10 m above ground level. Description includes all variable loadings Ͼ 0.40 or Ͻ Ϫ 0.40 from principal components analysis.
where | r | Ͼ 0.23; the distribution of significant correlations across functional groups (Fig. 1) generally followed patterns similar to those noted above. Sensitivity analysis with the alternative grouping of habitat assemblages altered mean correlations only slightly, without changing the significance levels noted above.
Consistency of Species Responses to Disturbance within Functional Groups
We examined the probability of occurrence of individual species with respect to canopy cover to examine the responses of individual species to disturbance. Our assumption that canopy cover and tree basal area can roughly characterize forest disturbance was supported by the strongly significant correlations ( p Ͻ 0.001, n ϭ 113) of subjective disturbance level with canopy cover ( r s ϭ Ϫ 0.83) and tree basal area ( r s ϭ Ϫ 0.86). Examination of the four most commonly occurring species in each of the four habitat assemblages showed that all four species in the shrubland assemblage decreased with increasing canopy cover, and all four species in the mature forest assemblage increased with canopy cover (Fig. 2) . The forest-edge assemblage showed no consistent response, probably because forest-edge species responded primarily to landscape-scale rather than local habitat disturbance. The habitat generalist assemblage also showed no consistent trend. Similar plots for nesting guilds (Fig. 3 ) and foraging guilds (Fig. 4) showed that they were typically composed of species with differing responses to canopy cover; these guilds often included species that significantly increased, significantly decreased, and had no significant trend across the gradient. Of the four nesting guilds and four foraging guilds examined, only the canopy-nesting guild had consistent directional responses in its four most abundant species. The shrubland and mature-forest habitat assemblages thus showed a response of bird communities to forest disturbance more consistently than most nesting and foraging guilds.
Correlations of Functional Groups with Disturbance Measures
Canopy cover and tree basal area were strongly intercorrelated ( r ϭ 0.78, p Ͻ 0.001). As a result, functional groups showed similar correlations with each of these measures of disturbance (Table 2) . Diet type and foraging guilds generally had weak correlations with canopy cover and tree basal area; granivores and bark-foraging insectivores had the strongest responses among these functional groups (Table 2) . Nesting guilds showed stronger correlations, particularly the shrub-nesting and canopy-nesting guilds, which may have responded to differences in nestsite availability caused by disturbance. Nonetheless, the strongest correlations with measures of disturbance were shown by habitat assemblages ( Table 2 ). The shrubland and mature-forest habitat assemblages were the most strongly correlated with the two disturbance indices. The forest-edge assemblage had weaker correlations with disturbance indices, and a combination of shrubland and forest-edge species to represent disturbance-tolerant species gave correlations similar to the shrubland assemblage alone. Habitat generalists showed lower correlations than the shrubland and mature-forest assemblages, as expected. Ultimately, a bird-community index produced by combining shrubland, forest-edge, and mature-forest assemblages showed stronger correlations with canopy cover and tree basal area than did any of the individual assemblages. In contrast, overall community diversity (measured by total species richness) was not significantly correlated with disturbance metrics. 
Analysis of Bird Community Index and Habitat Index
Principal components analysis of vegetation data yielded four principal component axes cumulatively describing 70% of the variance in the data (Table 1) . A habitat index based on off-frame data was calculated from a regression formula including all four of the principal component axes:
The resulting index accounted for 62% of the variation in the bird community index on off-frame plots (Fig. 5a) .
(By contrast, canopy cover or tree basal area individually explained only 42% of variation in the bird-community index in simple regression analysis.) To test the ability of the habitat index to predict the bird-community index for independent data, the correlation of these two indi-
ces was examined for on-frame data (Fig. 5b) . The correlation coefficient (r ϭ 0.69, p Ͻ 0.001) indicates that the habitat index generally predicts the bird-community index. Not surprisingly, the habitat index also was more strongly correlated with habitat-based disturbance measures, such as canopy cover and tree basal area, than was the bird-community index (Fig. 6) . Similarly, the habitat index was more strongly correlated with subjective disturbance level (r s ϭ Ϫ 0.78, p Ͻ 0.001) than was the bird-community index (r s ϭ Ϫ 0.73, p Ͻ 0.001).
The specific habitat assemblages that dominated bird communities on our plots (Appendix) included habitat generalists such as Cardinal and Carolina Wren and shrubland birds such as Indigo Bunting and Eastern Towhee. Forest species such as Pine Warblers, Acadian Flycatch- 
Figure 5. Habitat index versus bird-community index values, modified from Martin et al. (1994): (a) off-frame data (outside sampling grid) used for model development (n ϭ 107) and (b) independent on-frame data (on sampling grid) used to test model (n ϭ 90).
ers, and Red-eyed Vireos were much less common. The forest-edge assemblage typical of towns and highly fragmented habitat-cowbirds, mockingbirds, robins-was also comparatively uncommon in the sample. These results suggest that bird communities in much of the area we sampled were substantially affected by disturbance. Cumulative probability distributions for varying values of the bird-community index and habitat index can be used to assess the frequency of different community-disturbance levels on a regional scale. Within our sample, these cumulative probability distributions for the index values can be examined without bias from site selection because our on-frame plots were selected randomly from loblolly-shortleaf pine forests throughout the study region, and differences in sampling intensity are appropriately weighted in the analysis. (Neither birdcommunity index nor habitat index values differed significantly between 1992 and 1993 within the area sampled in both years, suggesting that combining data for the 2 years is appropriate.) This distribution is graphically represented with cumulative distribution function (CDF) plots for each index, including upper and lower bounds for a 90% confidence interval (Fig. 7) . Sites dominated by disturbance-tolerant birds and disturbed habitat are common in the region. If a cutpoint between undisturbed and disturbed bird communities is defined by a bird-community index of zero, representing equal numbers of disturbance-tolerant and disturbance-sensitive species, then 52-75% (90% c.i.) of the loblollyshortleaf pine forests in the study region indicate disturbed bird communities (Fig. 7a) . For the habitat index, a similar calculation indicates that 49-71% of the sampled area can be classified as disturbed habitat (Fig. 7b) . This approach also allows cutpoints to be established at levels other than zero, depending on local or regional habitat-management goals. 
Discussion
The bird-community and habitat indices, like the index of biotic integrity (Karr 1981; Karr et al. 1987; Angermeier & Karr 1994) , each give a deliberately simplified picture of ecological composition by condensing diverse systems into a single index reflecting the degree of disturbance. Thus, the indices represent only a small subset of available information. The bird-community index, for example, does not show the particular responses of individual species to habitat variation. The bird-community index, however, was developed to provide a broad-based indicator of the extent to which a bird-community has been affected by forest disturbance, rather than to describe use of habitat by individual bird species. Species-specific information is not lost and can still be used to interpret index values. The dimension of disturbance reflected by our indices constitutes an important aspect of ecological condition relative to conservation of biotic diversity and ecological resources (Angermeier & Karr 1994) .
The bird-community index will detect avifaunal responses to major anthropogenic disturbance-clearcutting and fragmentation through conversion of forest to agricultural and residential uses. These factors clearly affected the avifauna in our sampling area. Indeed, because the on-frame sample excludes nonforested plots, the region as a whole is almost certainly dominated by disturbance-tolerant species-particularly the forest-edge assemblage-to a greater extent than represented here. Southeastern forest landscapes in more natural conditions (Sharitz et al. 1992) , however, would also be characterized by periodic disturbance, whether such conditions are defined as the pre-Columbian state, which included agricultural clearing and burning by Native Americans, or as a hypothetical state without human influence, which would still be affected by windthrow and lightning-ignited fires. Such a landscape would include early-successional patches with bird-community and habitat index values lower than those of mature forest and would probably be dominated by some mixture of climax hardwood forests and mature but relatively open forests of subclimax pine. Although an index of biotic integrity (Karr 1991) should measure biological condition by reference to a landscape-scale natural state, the appropriate reference state is not always clearly understood or easily selected.
Yet, given current levels of anthropogenic disturbance it appears that old-growth stands and unfragmented forests would be substantially underrepresented in our study area relative to the pre-Columbian or human-free reference states, whereas early-successional and fragmented forest would be similarly overrepresented. The region's forest extent declined due to massive agricultural clearing and timber harvest in the nineteenth and early twentieth centuries, which was later partially reversed by abandonment of farms. Urban expansion and short-rotation logging, however, continue to cause fragmentation and loss of mature forest (Sharitz et al. 1992) . In this context, the bird community and habitat indices are useful for monitoring the relative availability of mature-forest and disturbed habitat and the resulting consequences for associated bird communities.
By comparison to the habitat assemblages used in the bird-community index, traditional guilds-based on foraging, diet, or nesting substrate-are more ambiguous in their implications for conservation goals because it is unclear how to prioritize them. For example, should we manage for ground-foragers over aerial insectivores or shrub-nesters over cavity-nesters? Most guilds, as well as total species richness, also showed relatively weak responses to habitat disturbance, whereas species within shrubland and mature-forest habitat assemblages typically had more consistent and stronger responses to habitat variation (Table 2 ; Fig. 2 ). Because anthropogenic habitat modification is a major and widespread stressor throughout the study region, habitat assemblages are a logical tool for monitoring its effects on bird communities. Moreover, habitat assemblages become particularly powerful indicators of disturbance to natural systems when multiple assemblages are combined through the bird-community index because a broad range of species is included. Nonetheless, guilds may be worth considering in concert with the bird-community index to help detect problems associated with particular resources. A consistent response in particular guilds might provide important insight into general changes in resource availability, such as nesting snags or declines in insect abundance, or other stressors such as pesticides that may affect specific guilds (Welsh 1987; DesGranges et al. 1987) .
The bird-community index should not be used uncritically as a guide to management or without regard to the status of individual species. Declines in individual species can be masked by general guild trends . The greater cohesiveness of habitat assemblages lessens this problem but does not eliminate it. Trends in threatened or endangered species can supersede concerns for broadly defined community indices. The status of individual species of concern can be addressed through separate analyses, however.
Birds, or any other highly mobile organisms, may fail to be reliable indicators of the local resource conditions being monitored because populations could be affected by habitat conditions on other parts of the year-round range of migratory species (Temple & Wiens 1989) . The habitat index, developed as a predictor of the bird-community index, can be used as an independent measure of local habitat disturbance affecting the bird community. Moreover, habitat index values can be generated with vegetation data collected by relatively inexperienced field technicians, so some information about likely bird-community composition can be gained from vegetation measurements even if bird censuses are not feasible. Yet the bird community index can also be applied to existing broad-scale bird surveys such as the Breeding Bird Survey or Christmas Bird Count to detect trends in the relative abundance of disturbance-sensitive and disturbance-tolerant species, whereas broadscale habitat databases suitable for calculating habitat index values do not currently exist. Both the bird community and habitat indices can provide important information.
Examining potential influences on environmental indicators is an important aspect of monitoring programs (Koskimies 1989) . In this context, the habitat index may prove particularly useful for interpreting the possible causes of variation and trends in the bird-community index. Deviations from the line of equality between the bird-community index and the habitat index could reflect factors external to the local site. In particular, negative deviations indicate sites where the bird community appears more strongly disturbed than expected from local vegetation structure, possibly reflecting broaderscale, landscape-level factors such as forest patch size or regional forest cover that can affect community composition (Robbins et al. 1989; Petit et al. 1995b) . Landscape effects could be analyzed in conjunction with the habitat index and might significantly improve its predictive power. Also, an increase over time in the proportion of negative deviations could be detected with long-term surveys. If such an effect were caused by decreasing long-term trends in the bird-community index (due to decreasing frequency of mature forest species) but not the habitat index, it could suggest that migratory forest birds are being affected by changes on their migration routes or wintering grounds rather than by local habitat on the breeding grounds.
Finally, the cumulative distribution function of the bird-community and habitat indices (Fig. 7) provides a strong tool for evaluating these indices of forest condition on a regional scale and, over the long term, evaluating trends in the indices. The systematic method used for selection of plots under the EMAP protocol allows cumulative distribution functions to show the distributions of index values across a study region without bias from site selection. Although potential sample sizes for EMAP bird censuses are small compared to a broadbased volunteer monitoring project such as the Breeding Bird Survey, the unbiased sampling design of EMAP gives an important statistical advantage. Nonetheless, our bird-community index can be readily adapted to larger databases such as the Breeding Bird Survey to evaluate broad-scale patterns and trends in bird-community status. If the index is not restricted to a single dimension, our approach could be generalized to assess bird communities of different habitat types (grassland, wetlands, etc.) by use of multiple habitat assemblages.
In short, the approach we outline here makes it possible to monitor the regional effects of changing land use and habitat structure on indices of forest disturbance (habitat index) and disturbance to the breeding-bird community (bird community index). A comparison of the trends in these two indices could be useful in determining whether population changes are related to local habitat effects or extraneous factors such as landscapescale processes or changes in wintering habitat.
